Introduction

I
njuries to articular cartilage generally result in the formation of mechanically inferior fibrocartilage, which will eventually degrade with use. 1 Additionally, current clinical treatments for articular cartilage injuries generally aim to enhance this intrinsic repair response but may often result in the formation of fibrocartilage. Tissue engineering approaches provide tremendous promise for cartilage regeneration. A principal tenet of the cartilage tissue engineering approach is the use of exogenous mechanical stimulation to simulate joint loading and lead to greater chondrocyte metabolic activity and extracellular matrix (ECM) production. Hydrostatic pressure (HP) provides a robust method of chondrocyte stimulation, because it can be applied to chondrocytes in monolayer, three-dimensional (3-D) engineered constructs, as well as explants.
Cartilage is a highly hydrated tissue, comprised of 70% to 80% water per wet weight. The high water content is a result of water being attracted to the negatively charged proteoglycan molecules within the tissue. During joint loading, a uniform normal stress ( Fig. 1) is imparted to the chondrocytes. Additionally, as the tissue undergoes a compressive load, the pressurization of the fluid phase initially supports the applied load, because water is trapped within the solid matrix of the tissue because of its low permeability. Although the total stress from pressurization is uniform according to the biphasic theory, the stress may vary throughout the cartilage on a joint surface, because loading is not completely uniform, thus leading to gradients in total stress and pressure, particularly near the joint surface. Eventually, fluid is expelled from the tissue, and the frictional force between the fluid and solid phases of the tissue dissipates energy from the applied load. In the joint, cartilage is typically exposed to stresses between 3 and 10 MPa, 2 with stress as high as 18 MPa having been reported in the hip joint. 3 These stresses should be translated to HP due to fluid phase pressurization, as described above. Additionally, the human walking cadence generally is up to 1 Hz. 4 As such, tissue engineering efforts have generally focused on magnitudes and frequencies within these physiologic ranges. This review addresses bioreactor design for the application of HP, different tissue engineering strategies involving the application of HP, the chondroprotective effects of HP, the use of HP toward chondrogenic differentiation, the effects of high pressures on cartilage, and the mechanotransduction mechanisms that explain the beneficial results from HP application in cartilage tissue engineering studies.
et al.
5 observed a 0.36 decrease in the pH of the medium after 10 h of HP application, although the advantage of this approach is that it allows for the controlled alteration of partial pressures within the medium, such as when examining the effects of HP at different oxygen levels. 6 Alternatively, a lesscomplicated approach involves applying HP by compressing only the fluid phase, which limits any changes in gas solubility within the chamber, although because no gas phase alterations are made during pressurization, this method cannot be used when examining the effects of HP at different oxygen levels. This method generally involves connecting a fluid-filled chamber by hose to a piston attached directly to a hydraulic press controlled by a computer (Fig. 2) . This is the selected setup in a large number of prior studies, as well as in our own work. Both types of bioreactors also include temperature control, generally by placing the chamber in a water bath, to maintain the culture temperature at 378C. Furthermore, it is possible to perform experiments with multiple bioreactors to increase the number per group; although this approach is advantageous, because it allows for moreefficient HP application, there may be some variation in the applied pressure conditions between the different bioreactors. Finally, either type of bioreactor may be altered to allow for semicontinuous medium perfusion, as reviewed in detail previously. 7 Tissue Engineering Strategies with HP HP has seen extensive use as an agent for increasing the metabolic activity of chondrocytes in tissue engineering studies. In general, these studies have assessed the effects of HP on chondrocytes cultured in monolayer, cartilage explants, and chondrocytes in 3-D culture, with and without a scaffold. In tissue engineering studies involving HP application, it is possible to vary the magnitude, frequency, and duration of application of HP. Additionally, in studies involving 3-D engineered constructs, it is also possible to vary when HP can be applied in construct development. However, little consensus has been reached regarding the ideal levels of each of these parameters, particularly when different culture conditions are used. Table 1 summarizes the major findings of studies that used dynamic HP; the effects of static HP are summarized in Table 2 .
In general, studies assessing the effects of HP on normal chondrocytes in monolayer have demonstrated beneficial effects of dynamic HP, whereas static HP has been found to have no effect or a suppressive effect. For instance, Suh et al. 8 cultured young bovine chondrocytes in monolayer and exposed them to 0.8 MPa, for 5 min on, 30 min off, 10 times. This treatment resulted in a 40% increase in proteoglycan synthesis and enhanced aggrecan messenger RNA (mRNA), although there was no change in collagen synthesis during pressurization. Also, when using juvenile bovine chondrocytes in monolayer, Jortikka et al. 9 demonstrated that HP at 5 MPa, 0.5 Hz, for 20 h significantly increased sulfated glycosaminoglycan (sGAG) incorporation, whereas 5-MPa static HP for the same application time had no effect on sGAG incorporation.
In addition to these studies using chondrocytes from 1-to 2-year-old animals, several studies using adult chondrocytes in monolayer have been performed and have generally demonstrated beneficial effects of dynamic treatment, with no effects or suppressive effects when using static HP. For example, Smith et al. 10 exposed adult articular chondrocytes in monolayer to 10-MPa HP, static or 1 Hz, for 4 h. They demonstrated that HP application at 1 Hz increased aggrecan and collagen II mRNA immediately after application, whereas static HP decreased collagen mRNA levels. In a later study, Smith et al.
11 cultured normal adult bovine chondrocytes in monolayer and applied HP at 10 MPa, 1 Hz, for up to 24 h for 1 day or for 4 h=d for 4 days. They found that aggrecan mRNA continued to increase up to 24 h of loading, whereas collagen II mRNA expression was increased maximally with 4 and 8 h of HP application. However, they demonstrated the importance of examining multiple loading profiles, because changing to an application of 4 h=d for 4 days led to even greater increases in aggrecan and collagen II mRNA. Additionally, Ikenoue et al. 12 again demonstrated the importance of examining multiple application times, culturing normal adult human chondrocytes in monolayer and 
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ELDER AND ATHANASIOU exposing them to 1-, 5-, or 10-MPa HP, at 1 Hz, for 4 h=d for 1 or 4 days. They demonstrated enhanced collagen II gene expression only for treatment with 5 and 10 MPa, for 4 days; also, although greater aggrecan expression was observed with all treatments, these groups resulted in the greatest enhancement of aggrecan gene expression. This study also indicates that magnitude and frequency have significant effects on chondrocyte metabolism, and it appears that collagen production may be more sensitive than GAG production to the selected HP regimen. On the other hand, a study by Takahashi et al. 13 demonstrated beneficial effects when applying static HP to chondrocytes in monolayer, although it must be highlighted that a chondrosarcoma cell line was used rather than primary chondrocytes. They found that 1-and 5-MPa static HP for 2 h resulted in significantly greater sGAG incorporation immediately after HP stimulation and that 5-MPa static HP led to greater expression of transforming growth factor beta 1 (TGF-b1) mRNA. Although these studies generally demonstrate that dynamic HP has beneficial effects on chondrocytes in monolayer, it is difficult to discern an optimal HP regimen because the selected magnitudes, frequencies, and application times are relatively divergent.
Studies assessing the effects of HP on chondrocytes in 3-D culture or in explants have demonstrated different results, and it has been suggested that chondrocytes in monolayer respond differently to HP than tissue. For instance, Parkkinen et al.
14 observed enhanced sGAG incorporation in explants exposed to HP at 5 MPa, 0.5 Hz, for 1.5 h, whereas a significant inhibition of sGAG incorporation was found in monolayer cultures exposed to the same regimen. Furthermore, Carver and Heath 15 observed that adult and juvenile P3 equine chondrocytes in poly(glycolic acid) (PGA) meshes respond differently to HP at 3.44 or 6.87 MPa, at 0.25 Hz, for 20 min every 4 h for 5 weeks. For adult cells, 6.87-MPa HP was required to increase GAG and collagen production, whereas for juvenile cells, either magnitude increased GAG production, but only 6.87 MPa increased collagen production, suggesting that collagen production may be more sensitive to the applied regimen. In a later study, applying HP at 3.44 MPa, 0.25 Hz, for 20 min every 4 h for 5 weeks to P3 juvenile bovine chondrocytes in PGA meshes resulted in significantly greater GAG production, with no effect on collagen production; however, the results of both studies may stem from the use of passaged chondrocytes. 16 Finally, in our own work, 17 exposing immature bovine chondrocytes in scaffoldless constructs to HP at 10 MPa, 1 Hz, for 4 h=d, 5 days=week for up to 8 weeks with 10% fetal bovine serym led to greater collagen content than in control at 4 and 8 weeks and prevented the lower GAG per construct observed in the control groups over time.
Additionally, contrary to the majority of studies involving chondrocytes in monolayer, static HP regimens in the physiologic range have generally demonstrated beneficial effects on chondrocytes in 3-D culture or cartilage explants. For example, in explants from 2-year-old bovines, a 2-h application of 5-to 10-MPa static HP enhanced sGAG incorporation, whereas 5-to 15-MPa static HP increased proline incorporation. 18 Also, Mizuno et al. 19 exposed immature bovine chondrocytes in 3-D collagen sponges to static HP at 2.8 MPa for up to 15 days and observed greater GAG production at 5 and 15 days of culture. Similarly, Toyoda et al. 20 found that exposing immature bovine chondrocytes in 2% agarose gels to 5-MPa static HP for 4 h resulted in 4 times as much aggrecan mRNA as well as 50% more collagen II mRNA. In another study using the same constructs and HP regimen, Toyoda et al. 21 observed 11% more GAG production and 4 times as much aggrecan mRNA. Also, in our own recent work, 22 using scaffoldless articular cartilage constructs as described previously, 23 ,24 a full-factorial comparison was made between three magnitudes (1, 5, and 10 MPa) and three frequencies (static, 0.1, and 1 Hz) of HP for 1 h=d, from days 10 to 14 of construct development. It was determined that static HP at 5 or 10 MPa and cyclic HP at 10 MPa, 1 Hz, resulted in significant greater compressive stiffness and GAG production; however, only static HP at 5 or 10 MPa resulted in significantly greater tensile stiffness and collagen production. An additional exciting finding of the study was the additive and synergistic effects when applying HP and growth factors, with the combination of 10 MPa static HP and TGF-b1 resulting in 164% and 231% greater compressive and tensile stiffness, respectively, as well as 85% and 173% greater GAG and collagen production, respectively. An additional study from our group examined the effects of HP applied at different times during construct development. It was demonstrated that HP applied at 10 MPa for 1 h=d from days 10 to 14 had the greatest effect on construct compressive and tensile properties, as well as GAG and collagen content, when applied from days 10 to 14 of construct development. 25 The results of these studies are promising because they 10-to 14-day application had greatest effect on compressive and tensile stiffness, and GAG and collagen production y=o, year-old; mRNA, messenger RNA; sGAG, sulfated glycosaminoglycan; 3-D, three-dimensional.
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indicate that static HP, within physiologic magnitudes, results in greater ECM production and eventually better biomechanical properties. However, different effects result depending on the exact culture conditions selected. When comparing these 3-D studies, it must be noted that there are important differences between the 3-D culture systems that may alter the response of the cells to HP. For instance, explants provide the normal cell-ECM interactions, and it is likely that the scaffoldless constructs used in our own work resulted in similar cell-ECM interactions by the time HP was applied to the constructs. However, it is possible that materials such as collagen sponges provide initial binding motifs that are not necessarily normal, and cells may therefore spread. On the other hand, scaffolds such as agarose hydrogels are inert and provide no motifs for interaction, although cells can interact with the ECM after it begins to form later in culture.
Although physiologic magnitudes clearly have beneficial effects on chondrocyte gene expression, protein production, and biomechanical properties, based on the varying results observed in these studies regarding effects of HP regimens, magnitude, frequency, and application time must all be optimized for each system. It is possible that a regimen may yield beneficial effects in a 3-D culture system while simultaneously resulting in little effect or a detrimental effect in a monolayer system. Additionally, the cell type used appears to play a significant role in the response to HP application, with immature bovine chondrocytes appearing to have a greater metabolic response to HP stimulation than adult human chondrocytes. Finally, performing HP studies on 3-D constructs leads to additional issues, because the optimal time to begin applying HP during construct development must be determined. Perhaps application of HP early in culture might yield similar results to monolayer studies because of the absence of abundant ECM, whereas studies later in construct development when a significant ECM is present may yield substantially different results.
Chondroprotective Effects of HP
HP also appears to be useful in providing chondroprotective effects to chondrocytes subjected to an inflammatory stimulus. For instance, the application of HP at 10 MPa, 1 Hz, for 12 or 24 h to human osteoarthritic chondrocytes in monolayer resulted in less expression of matrix metalloproteinase (MMP)-2, interleukin (IL)-6, and monocyte chemoattractant protein (MCP)-1. 26 Additionally, Lee et al. 27 demonstrated chondroprotective effects of HP on human osteoarthritic chondrocytes in monolayer. They found that applying HP at 10 MPa, 1 Hz, for 4 h, after an 18-h treatment with the known inflammatory mediator lipopolysaccharide (LPS) mitigated the damaging effects of LPS, because there were low nitric oxide and nitric oxide synthase levels, which are known to have deleterious effects on ECM production. There were also higher collagen II and aggrecan mRNA levels than in unpressurized cells treated with LPS. A later study by Lee et al. 28 identified chondroprotective effects of HP after shear stimulation, because the application of HP at 10 MPa, 1 Hz, to human osteoarthritic chondrocytes after shear stress inhibited nitric oxide release. Additional chondroprotective effects of HP on osteoarthritic chondrocytes were observed in work by Fioravanti et al., 29 because coupling HP with exogenous application of hyaluronic acid resulted in significant chondroprotective effects from the deleterious effects of IL-1b treatment on chondrocyte metabolism; significantly greater GAG production was also noted. Furthermore, Gavenis et al. 30 found that applying 40 kPa of HP at 0.0125 Hz to human osteoarthritic chondrocytes resulted in 53.3% greater GAG content by 14 days; however, GAG=dry weight remained only 0.06%. These results indicate that primary osteoarthritic chondrocytes could potentially be used in tissue engineering strategies, which is exciting, because they would of a somewhat readily available autologous cell source. However, it must be mentioned that Islam et al. 31 observed an increase in the number of apoptotic cells when applying HP at 5 MPa, 1 Hz, for 4 h to osteoarthritic human chondrocytes in monolayer, indicating that osteoarthritic chondrocytes may be sensitive to the selected HP regimen.
Additionally, because tissue engineered constructs will eventually need to be implanted, it may be that constructs, once implanted, might benefit from HP. As such, chondroprotective effects have also been demonstrated in normal primary chondrocytes. HP at 5 MPa, 0.5 Hz, 3 h=d for 3 days led to upregulation of tissue inhibitor of metalloproteinases-1 and downregulation of MMP-13 and collagen I gene expression in bovine chondrocytes cultured in alginate beads. 32 These results appear promising because they indicate that HP could possibly be used after implantation of an engineered construct, as well as to delay the onset of osteoarthritis in already healthy tissue.
HP and Differentiation
In addition to its wide use as an agent for mechanical stimulation in tissue engineering, there has bee tremendous use of HP as a method of differentiating cells toward a chondrogenic phenotype, as summarized in Table 3 . For instance, Angele et al. 33 cultured adult human bone marrow mesenchymal stem cells (BMSCs) in aggregate culture, and found that HP at 5 MPa, 1 Hz, 4 h=d for 1 day had no effect, whereas 7 days of treatment resulted in a significant increase in collagen and GAG content as early as 7 days after removal of the HP stimulus, with a maximal increase observed 21 days after removal of the HP stimulus. This study suggests that multiple days of HP application are required for an effect, and as seen in our own work with HP, 22 the maximum effects of HP may be delayed until several weeks after removal of the stimulus. In a later study, Luo and Seedhom 34 seeded ovine BMSCs on polyester scaffolds and demonstrated that after 4 weeks of culture, HP at 0.1 MPa, 0.25 Hz, for 30 min=d for 10 days resulted in increased GAG and collagen content, with shorter timepoints having no effect on collagen content. However, because the constructs were assessed immediately after HP application, it is possible that the longer application time required to see effects on collagen content may be due to the delayed effects of the earlier days of HP application, as discussed above. Additionally, Wagner et al. 35 seeded human BMSCs in type I collagen sponges and observed that HP at 1 MPa, 1 Hz, for 4 h=d for 10 days resulted in increased aggrecan, collagen II, and sox9 messenger RNA (mRNA) and increased histological staining for GAGs. However, they also observed an increase in collagen I mRNA; this effect may have been due to the use of an osteochondrogenic medium, because most other studies have used only a chondrogenic medium. The finding of Scherer et al. 6 that a chondrogenic medium was required for HP to promote chondrogenesis of bovine BMSCs in highdensity monolayer further supports this hypothesis. These results are exciting because they indicate the potential for using dynamic HP to develop a cell source for future cartilage tissue engineering studies, because chondrogenic differentiation of MSCs represents a relatively limitless autologous cell source.
As described above, in tissue engineering studies, combined treatment with growth factors and HP as agents for chondrogenesis appears promising. For example, Miyanishi et al. 36 cultured adult human BMSCs in pellet culture and exposed them to HP at 10 MPa, 1 Hz, 4 h=d for up to 14 days, with and without 10 ng=mL of TGF-b3. The combined treatment with HP and TGF-b3 resulted in a significant increase in collagen II, aggrecan, and sox9 mRNA levels that was greater than the increased levels from either treatment alone. In a follow-up study, Miyanishi et al. 37 created pellet cultures of adult human BMSCs and applied HP at 0.1, 1, and 10 MPa, 1 Hz, for 4 h=d for 3, 7, or 14 days, along with 10 ng=mL of TGF-b3. In this study, all magnitudes significantly increased aggrecan and sox9 mRNA, but only 10 MPa significantly increased collagen II mRNA. Furthermore, 10 MPa was the only treatment to significantly increase both GAG and collagen production, with the maximum effect observed after 14 days of HP application. Again, this observation may be due to the delayed effects of HP as discussed above, and it would be interesting to determine whether similar results would be obtained if assessment was delayed until 5 to 10 days after removal of the HP stimulus. These results indicate that growth factor application, specifically using TGF-b3, may substantially enhance the chondrogenic differentiation potential of HP alone.
HP has also been used as a method of chondroinduction of other cell types, such as fibroblasts and dedifferentiated chondrocytes. For instance, Elder et al. 38 found that 7200 cycles per day of HP at 5 MPa, 1 Hz, for 3 days applied to murine embryonic fibroblasts in monolayer resulted in an almost 200% increase in GAG production, along with an almost 225% increase in collagen synthesis. Additionally, Heyland et al. 39 cultured dedifferentiated porcine chondrocytes in alginate beads and observed a 25% increase in GAG production, as well as a 65% increase in collagen II production after HP application at 0.3 MPa, 1 Hz, for 6 h=d. Finally, Kawanishi et al. 40 grew pellet cultures of dedifferentiated bovine chondrocytes (passage 3) and demonstrated that HP application at 5 MPa, 0.5 Hz, for 4 h=d for 4 days led to 5 times as much aggrecan mRNA and 4 times as much 
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ELDER AND ATHANASIOU collagen II mRNA. However, HP had a negligible effect on collagen I mRNA levels, with control and HP treated pellets having similar decreases in collagen I mRNA. Based on these results, HP appears to be a promising method of differentiating cells to a chondrocytic phenotype, although in the case of dedifferentiated chondrocytes, HP may have a greater effect on enhancing collagen II production than diminishing collagen I production.
Effects of High HPs
As described above, there has been extensive work demonstrating the beneficial effects of physiologic magnitudes of HP on the gene expression and biochemical and biomechanical properties of chondrocytes in monolayer, engineered constructs, as well as explants. However, raising pressures above these physiologic levels has been shown to have limited or even detrimental effects, as summarized in Table 4 . Also, although static HP has generally been shown to have beneficial effects when using physiologic magnitudes for 3-D tissue engineering studies, it becomes far more detrimental than dynamic loading at higher pressures. For example, Hall et al. 18 examined the effects of 20-to 50-MPa static HP for 20 s, 5 min, or 2 h on bovine explants and found that short-term application times had no effect on GAG and collagen synthesis rates, whereas 2-h application resulted in a significant decrease in GAG and collagen synthesis. In another 3-D study, Nakamura et al. 41 seeded normal adult rabbit chondrocytes in alginate beads and found that 50-MPa static HP for 12 or 24 h resulted in a significant increase in the number of apoptotic cells. Additionally, they found that 50-MPa static HP led to a dramatic increase in heat-shock protein 70 (hsp70) mRNA. In another study, Fioravanti et al. 42 studied the effects of high HP on normal human chondrocytes in alginate beads and found that 24-MPa static HP applied for 3 h decreased mitochondria and Golgi body number and altered the actin and tubulin of normal chondrocytes such that they more closely resembled osteoarthritic cells in these characteristics. In general, it has been demonstrated that applying HP to 3-D cultures above the physiologic range results in decreased ECM production, as well as a heat shock response.
Several studies on chondrocytes in monolayer have shown similar detrimental results. For instance, Parkkinen et al. 43 assessed the effects of high pressures on bovine chondrocytes in monolayer and found that a 2-h application of 30-MPa static HP, and to a lesser extent 15-MPa static HP, resulted in a microtubule-dependent compaction of the Golgi apparatus, with a concomitant decrease in GAG synthesis, but 15-and 30-MPa HP at 0.05 or 0.125 Hz had no effect on the Golgi apparatus or GAG synthesis. Similarly, in a later study, Parkinnen et al. 44 assessed the effects of 2 h of HP stimulation on bovine chondrocytes in monolayer and found that 30-MPa static HP led to a reversible complete loss of stress fibers, whereas 30-MPa HP at 0.05 or 0.125 Hz just changed the appearance of the stress fibers. It was suggested that the altered stress fibers may be the result of small strains on the cells or microfilaments or of alterations in the intracellular ion concentrations, as described further below. In a similar study using bovine chondrocytes in monolayer, Lammi et al. 45 found that 30-MPa static HP resulted in a 37% decrease in GAG synthesis, accompanied by decreased aggrecan mRNA levels; this treatment also resulted in the production of atypically large aggrecan molecules. These results are interesting because the altered aggrecan size demonstrates that HP can affect production of ECM at the level of post-translation, in addition to the aforementioned effects on transcription and translation. Detrimental effects of high HP have also been observed in other chondrocyte-like cell lines cultured in monolayer. For example, Sironen et al. 46 assessed the effects of 30-MPa HP, static or 1 Hz, for up to 24 h on immortalized human chondrocyte cell lines and chondrosarcoma cells cultured in monolayer. They found that static HP resulted in significantly increased hsp70, hsp40, Gadd45, and Gadd153 gene expression, all of which are genes associated with stress responses. Additionally, they demonstrated that static HP had a greater effect on the increased gene expression than HP at 1 Hz. In a separate study, Sironen et al. 47 used a complementary DNA array to assess the effects of a 6-h treatment with 30-MPa static HP on human chondrosarcoma cells. This treatment had negative effects on the ECM content, leading to decreased osteonectin, fibronectin, and procollagen levels. Furthermore, Takahashi et al. 48 found that, in a human chondrosarcoma cell line, a 2-h application of 50-MPa static HP significantly increased IL-6 and TNF-a mRNA and also led to decreased expression of proteoglycan core protein; these results are indicative of osteoarthritic changes. Finally, Kaarniranta et al. 49 observed a doubling of hsp70 mRNA after 12 h of treatment with 30-MPa static HP, whereas treatment with 30-MPa, 0.5 Hz HP did not change the level of hsp70. However, treatment with 4-MPa HP, either static or dynamic, did not alter the expression of hsp70.
Taken together, these results suggest that HP magnitudes outside of the physiologic range may result in a stress response, especially when using static HP, so tissue engineering strategies should focus on more physiologic magnitudes. Although it is unlikely that these higher pressures are useful for cartilage tissue engineering strategies, they indicate that high pressures may play a role in the progression of osteoarthritis, because many osteoarthritic changes can be observed in chondrocytes exposed to these high pressures.
HP Mechanotransduction
Unlike direct compression and shear mechanical stimulation, HP does not result in macroscopic deformation of cartilage. According to the biphasic theory, the solid matrix of cartilage is intrinsically incompressible, and no tissue deformation will be observed under an external hydrostatic load, even though the tissue may be anisotropic. Bachrach et al. 50 tested this theoretical prediction on normal bovine cartilage explants and found that static pressures in the physiologic range, up to 12 MPa, did not result in measurable cartilage deformation. Similarly, Tanck et al. 51 found that physiologic HP magnitudes on fetal cartilage result only in extremely small deformations of approximately 2 m-strain, as a result of the relative incompressibility of the solid matrix of articular cartilage. However, even though there is only a minute tissue strain, this, along with the strain imparted by the compressibility of water itself, may be great enough to impart strain on the chondrocytes themselves, although it has previously been demonstrated that the cells are relatively incompressible at these physiologic pressures. 52 Therefore, because HP generally produces a state of stress with no or little strain, alternative mechanisms have been proposed to explain the mechanotransduction pathways of HP application.
Several studies have indicated that it is likely that HP has direct effects on cell membrane ion channels (Fig. 3) . Hall 53 examined the effects of static HP on isolated bovine chondrocytes for 20 s or 10 min and found that the sodiumpotassium (Na=K) pump was substantially inhibited when going from 2.5 to 5 MPa and that this inhibition increased slightly when pressure was increased up to 50 MPa. For example, 10-MPa static HP for 10 min resulted in 53% less activity of the Na=K pump than in a control. Additionally, the Na=K=chloride (2Cl) transporter was inhibited by increasing pressure up to 50 MPa, and it was found that increasing the magnitude of 10 s of static HP application from 7.5 to 15 MPa resulted in an almost 40% reduction in Na=K=2Cl transporter activity. An additional study by Browning et al. 54 examined the effects of static HP, ranging from 2 to 30 MPa for up to 180 s, on juvenile bovine chondrocytes in monolayer. They found that 20-and 30-MPa static HP application resulted in a significant increase in the activity of the Na=hydrogen(H) pump. Furthermore, adding the kinase inhibitor staurosporine prevented the HP-induced stimulation of Na=H exchange, suggesting that direct activation of the transporter is a phosphorylation-dependent process. In a similar study, Mizuno 55 assessed the effects of 5 min of static HP at 0.5 MPa on immature bovine articular chondrocytes in monolayer and found that the application of HP to middle zone cells resulted in a doubling of intracellular calcium. It was determined that this increase was dependent upon direct effects of HP on stretch-activated calcium channels, as well as the release of intracellular calcium. Likewise, Browning et al. 56 assessed the effects of short-term application of static HP on isolated juvenile bovine articular chondrocytes. They found that 30 s of static HP application at 30 MPa resulted in an   FIG. 3 . Hydrostatic pressure mechanotransduction. Pressurization inhibits sodium=potassium (Na=K) and Na=K= chloride channels, whereas it activates Na=hydrogen and stretch-activated calcium (Ca) channels, and triggers release of intracellular Ca stores.
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ELDER AND ATHANASIOU approximate 3tripling in intracellular calcium, largely caused by calcium release from intracellular stores. Additionally, they found that this intracellular calcium release was dependent on inositol triphosphate (IP 3 ) mediation and that similar induction of IP 3 -mediated calcium release occurred at more-physiologic pressure magnitudes, such as 10 MPa. As reviewed previously, 57 it is likely that the direct effects of HP on transmembrane ion transporter function are due to the pressure's effects on the conformations of the transmembrane proteins. Although HP does not measurably deform cartilage because of the intrinsically incompressible nature of its phases, the transporter proteins themselves have void spaces created by their folding orientation that can be compressed. As these spaces undergo increased strain as pressure rises, the protein will eventually alter its orientation to achieve a lower-energy folding state. Thus, as described above, a pressure-dependent change in intracellular ion concentrations will be observed. It is widely known that alterations in intracellular ion concentrations result in changes in cellular gene expression and protein synthesis. 58 Thus, it is likely that specific pressures result in certain ion concentration changes that led to the specific effects on gene expression, protein production, and eventually biomechanical properties in the tissue engineering studies described previously.
Conclusions
Cartilage regeneration has been an extremely difficult problem because of the poor intrinsic healing capacity of the tissue, but mechanical stimulation with HP has provided significant beneficial effects on gene expression and protein production of chondrocytes in monolayer and has led to enhanced biochemical and biomechanical properties in engineered constructs. It is apparent that physiologic magnitudes, particularly between 5 and 10 Mpa, have beneficial effects on cartilage properties, although there are substantial differences in the effects observed between monolayer and 3-D culture, because static HP regimens have little effect or are detrimental to chondrocytes in monolayer, whereas static HP in the physiologic range enhances the functional properties of 3-D engineered constructs. Additionally, work involving HP application to osteoarthritic chondrocytes demonstrates that osteoarthritic chondrocytes may be used in tissue engineering strategies and that HP could potentially be used as a treatment modality to delay osteoarthritic changes. Furthermore, physiologic magnitudes of HP, particularly with intermittent loading frequencies, can be used as a differentiation factor for MSCs, embryonic stem cells, and dedifferentiated chondrocytes. Finally, high HPs, particularly between 30 and 50 MPa but as low as 15 MPa, have detrimental effects on chondrocytes and generally result in a stress response and decreased metabolic activity. These detrimental effects are especially apparent with loading times exceeding 2 h.
Although the work performed up to this point appears promising, additional work must be performed in each system to optimize the magnitude, frequency, duration of application, and application time in construct development. Additionally, based on the additive and synergistic effects of HP and growth factor application, it is likely that, after optimization, HP will need to be used in combination with other exogenous stimuli such as growth factors, as well as with other mechanical stimuli such as direct compression, to yield a construct with biochemical and biomechanical properties approaching those of native tissue.
